Abstract it occurs, on leaf gas exchange remains to be determined for temperate deciduous trees growing at CO 2 concentraLeaf stomatal density and index of Ginkgo biloba L.
Introduction
G. marginatus (Nath.) Florin and Ginkgo huttonii (Sternberg) Heer., all with general leaf morphologies close The gas exchange of leaves of terrestrial plants is regulated to G. biloba (Harris, 1974; Czier, 1998) . Following the by short-term movements of the stomatal complexes in revision of Czier (1998) , the genus Ginkgoites is now response to changes in the environment (Cowan, 1977) . referred to as Ginkgo. The fossil leaves date to the Triassic Further, the direct effects of atmospheric CO 2 on stomatal and Jurassic periods of the Mesozoic era (c. 245-64 formation ( Woodward, 1987) may also play a role in millions of years ago), when a high CO 2 'greenhouse' regulating the carbon and water balance of leaves. Studies climate prevailed (Berner, 1997) and the genus had a on leaves from historical archives of material ( Woodward, more widespread distribution than now (Tralau, 1968; 1987; Peñ uelas and Matamala, 1990 ) and the fossil record Zhou, 1997). (Beerling et al., 1993; Van de Water et al., 1994) , as well as from experiments ( Woodward and Bazzaz, 1988) , have shown a general but not universal inverse relationship
Materials and methods
between stomatal density (no. of stomatal pores per unit area of leaf ) and index (proportion of stomata to One-year-old saplings of Gingko biloba of uniform size were epidermal cells) and atmospheric CO 2 concentrations.
obtained from a Sheffield nursery, repotted into 8 l containers and grown at either ambient (350 ppm) or elevated CO 2
The impact of a reduction in stomatal density, where concentrations (560 ppm) in four heated greenhouses, mean temperature 25°C, under natural irradiance throughout the experiment. Irradiance varied between 100-1500 mmol m−2 s−1, and was typically around 350-450 mmol m−2 s−1 PAR. Relative humidity within each greenhouse was maintained to a minimum of 75% using atmospheric humidifiers linked to wet and dry bulb psychrometers. The CO 2 concentrations were maintained to within ±5% of the target value by gas flow controllers and monitors (ADC 2000 series). Each of the four greenhouses was divided into two, to provide four replicated ambient and elevated CO 2 environments. Two saplings were grown in each treatment, providing eight replicates per CO 2 concentration. Treatment began in April 1995, and gas exchange measurements were made during August and September 1997. Plants were well-watered throughout to avoid drought effects. In early September a reciprocal transfer experiment was conducted where the eight plants from elevated CO 2 were transferred to the ambient CO 2 greenhouses and the ambient CO 2 -grown plants were transferred to the elevated CO 2 greenhouses. Gas exchange measurements were made on both sets of plants 1, 2, 6, and 10 d after transfer to the alternative CO 2 regime. Instantaneous gas exchange measurements and the responses of photosynthesis (A) to intercellular CO 2 concentration (C i ) were determined using a portable, open gas exchange system (CIRAS-1, PP systems Ltd). The A/C i responses were determined in saturating light (900 mmol PAR m−2 s−1), with a leaf temperature of (mean ±se) 26.3±2.1°C and a leaf-air vapour pressure deficit (LAVPD) of 0.9±0.2 kPa. Maximum carboxylation efficiency and leaf CO 2 compensation point were estimated as the slope and intercept of the response on the C i axis. All measurements were made between 08.00 h and 11.00 h a b to avoid potential diurnal effects (Liang and Maruyama, 1994) . leaves examined from the Mesozoic fossil record developed under CO 2 concentrations higher-than-present
Results and discussion (McElwain and Chaloner, 1996) which appeared to influence stomatal formation (Fig. 1b) . This suggestion is in After 3 years' growth with CO 2 enrichment, leaves of G. agreement with CO 2 estimates from palaeosols and a biloba showed significant (P<0.05) reductions in both long-term carbon cycle model for these intervals (reviewed stomatal density and index compared with their ambient by Berner, 1997) showing concentrations of c. 900-grown counterparts ( Fig. 1) , indicating a direct effect of 1200 ppm between the Upper Triassic and the Middle CO 2 on stomatal formation in this taxon. The stomatal Jurassic. densities of the Mesozoic fossil Ginkgo spp. leaves were
The effect of these reductions in stomatal characters consistently lower than the ambient CO 2 -grown plants, on leaf stomatal conductance was assessed in a reciprocal but similar to those from elevated CO 2 (Fig. 1a) . transfer experiment. Ambient-grown plants, when transFurthermore, the stomatal indices of the fossils were ferred to elevated CO 2 , showed the usual reduction in g s lower than those of G. biloba developing with CO 2 ( Fig. 2) , through CO 2 inducing partial stomatal closure enrichment ( Fig. 1b) . Although the influence of sun (Mansfield et al., 1990) . Plants grown at 560 ppm CO 2 versus shade leaf preservation on the results cannot be for 3 years, after transfer to 350 ppm CO 2 , showed a excluded ( Kü rschner, 1997), the experimental and fossil data are consistent with the suggestion that the transient reduction in g s which increased after 10 d Fig. 2 . Time-course of stomatal conductance (mean ±sd) of G. biloba, after elevated CO 2 -grown plants were transferred to ambient CO 2 greenhouses ($), and ambient CO 2 -grown plants transferred to elevated CO 2 (#). Measurements are means of eight replicate plants.
( Fig. 2) but to a lower value than plants from ambient CO 2 before transfer to 560 ppm CO 2 ( Fig. 2 ; Table 1 ). These results indicate that the lower stomatal density of plants from elevated CO 2 effectively limited the operational g s of G. biloba since the changes in density and index were not associated with any significant changes in stomatal pore length (ambient plants' pore length=12.1±0.3 mm, elevated plants' pore length= 11.5±0.5 mm, values are means ±s.e, n=48 measurements per treatment). A similar finding has been reported for the tropical trees M. corymbosa and E. tetrodonta grown under elevated CO 2 (Berryman et al., 1994). Furthermore, measurements of g s made on both sets of plants after 10 d and across a wide range of LAVPDs and intercellular CO 2 concentrations (C i ) showed this 'limita b ing' effect of low stomatal density to be most marked at 1992). The reduction in stomatal density and index, with associated effects on g s , contributes a previously unrealized explanation for the marked (200%) increase in leaf Measurements of g s and stomatal density and index made on the same leaves of plants from elevated CO 2 water-use efficiency (WUE, A/E ) of G. biloba when grown in the short-term (4 months) with CO 2 enrichment and were significantly correlated (stomatal density versus g s , n=8, r=0.62, P<0.01; stomatal index versus g s , measured across a wide range of leaf water potentials (−1.0 to −0.4 MPa) (Liang et al., 1995) . n=8, r=0.75, P<0.01)-a relationship absent from ambient-grown plants. This correlation suggests that CO 2 which only show small increases (10-11%) with CO 2 enrichment (600 ppm) ( Kö rner et al., 1995) . under elevated CO 2 , the total number of stomata on a leaf per se becomes an important regulatory component Accumulation of TNC in leaves has been suggested as underlying down-regulation of the expression of photoof leaf gas exchange in G. biloba and, by extension to other taxa showing a reduction in density with CO 2 synthetic genes to elevated CO 2 (Drake et al., 1997). These results suggest that the growth of Ginkgo under enrichment, might explain the positive correlation between discrimination against the heavy isotope of the high CO 2 concentrations of the Mesozoic resulted in low stomatal densities and indices ( Fig. 1) with inferred carbon, 13C, and stomatal density for Plantago major populations (Griffiths, 1996) and needles of Pinus syllower leaf conductances (Figs 2, 3 ) and higher water-use efficiencies (WUE ). To test this suggestion, estimates of vestris (Beerling, 1998) .
A/C i response curves analyses indicated no significant leaf WUE, based on stable carbon isotope analyses, of modern Ginkgo in Egham, Surrey were compared with differences in the photosynthetic characteristics of G. biloba after 3 years' growth at ambient and elevated CO 2 those of Middle Jurassic Ginkgo from the Ravenscar Group, Yorkshire (McElwain, 1997) ( Table 3 ). The concentrations ( Table 2 ) with no effects of the reduction in stomatal density and index on photosynthetic rates results indicate that Jurassic Ginkgo trees did indeed operate with a much higher WUE than their modern and no down-regulation of the photosynthetic system ( Table 2 ). The lack of down-regulation in G. biloba might counterparts (Table 3) , as expected from the gas exchange data. The estimated proportion of this increase in WUE be expected since its leaves have high total non-structural carbohydrate ( TNC ) and starch contents at ambient attributable to a 30% reduction in stomatal density aFrom , expressed as R sample /R standard −1×1000, where R is the molar ratio of 13C to 12C and the standard is the universally accepted PDB. bValue for the mid-Jurassic from the ocean carbonate record (Frakes et al., 1992) , with the assumption that the isotopic composition of atmospheric CO 2 is regulated on a long-term basis by equilibrium with marine inorganic carbon, with a 7 per mil more negative offset (Mora et al., 1996) . Modern value from Levin et al. (1994) . et al., 1989) . dMid-Jurassic value from Berner (1997) , modern value from Keeling and Whorf (1994) . Farquhar et al., 1989) . stress using stable isotopes. In: Baker NR, ed. Photosynthesis ( Fig. 1) , calculated using a coupled leaf energy balance- 
